Adeno-associated virus (AAV) vectors have been successfully used for transgene delivery in clinical trials. A systemic administration of AAV vectors has been proposed in order to achieve global transduction, which requires that the AAV vector is capable of crossing the blood vessels. It has been demonstrated that serum proteins are able to directly interact with AAV virions to enhance liver transduction. In this study, we investigate whether the serum proteins have the potential to increase the capacity of AAV to diffuse through the endothelial cells and deliver the transgene into the whole body. First, we found that the direct interaction of serum with AAV9 virions increased the epithelial cell permeability of AAV9 in vitro. Several serum proteins with a potential effect on AAV vascular permeability have been identified from mass spectrometry analysis, including fibrinogen, fibronectin, von Willebrand factor (vWF), platelet factor 4, alpha-1-acid glycoprotein, and plasminogen. The incubation of these serum proteins with AAV9 enhanced the global transduction in mice after a systemic administration. To apply these findings in clinical practice, we demonstrated that the clinical product cryoprecipitate (mainly containing fibrinogen and vWF) augmented AAV9 global transduction. The mechanism study revealed that cryoprecipitate slowed down the clearance of AAV9 vectors in the blood so that the AAV9 vectors had sufficient time to travel to the peripheral organs. In summary, the results from this study suggests that serum proteins interact with AAV virions and enhance the AAV9 vascular permeability for global transduction, and, more importantly, cryoprecipitate can be immediately applied for clinical patients who need the systemic administration of AAV vectors for global transduction.
Introduction
Adeno-associated virus (AAV), a non-pathogenic parvovirus, is widely used as a viral vector for gene therapy because of its safety and simplicity. The recombinant AAV vector is one of the most popular vehicles for therapeutic gene delivery and has been developed for many years. To date, 13 AAV serotypes and > 100 variants have been identified [1, 2] . AAV genomes can persist in the nucleus of transduced cells and induce a stable transgene expression in different tissues and species. Therefore, AAV mediated gene delivery has been extensively studied in pre-clinics [1, 3, 4] . Several AAV serotypes or variants have being used in clinical trials, including AAV1, 2, 4, 5, 8, 9 and rh10 [2, [5] [6] [7] [8] . Impressively, the US Food and Drug Administration has approved syndrome, Huntington's disease, and muscular dystrophy [15] [16] [17] .
Although the application of AAV vectors has proven its therapeutic effect and safety in pre-clinical and clinical trials, one of the major challenges is that a large number of AAV vectors is needed because of its low transduction efficiency. Of practical concern, a high dose of AAV vectors also results in higher risks of AAV related side effects, such as AAV capsid antigen presentation and immediate innate immune response that potentially causes liver toxicities after systemic administration. Therefore, the strategies that increase transduction efficiency with a lower vector dose would be ideal for the application of AAV gene therapy. Several strategies have been developed to increase AAV transduction efficiency, such as genetically modifying the AAV capsids and the utilization of pharmacological agents. It is attractive that serum protein, which naturally exists in blood circulation, may impact the AAV transduction after its systemic administration. When AAV vectors are injected into the blood, they are first met with serum proteins before reaching the target tissues or organs for an effective transduction. Some serum proteins can bind to AAV and inhibit transduction, especially the AAV neutralizing antibodies, which have been extensively studied. Other serum proteins may interact with AAV virions and enhance transduction. We have previously demonstrated that several human serum proteins are able to directly interact with the AAV8 capsid and increase its transduction in the liver [18, 19] . AAV9 is able to cross the blood barrier and then transduce the nervous system and muscles after systemic administration [13, 14] . We hypothesize that serum proteins could interact with AAV9 and affect its transduction efficiency after systemic administration. The identification of serum proteins that enhance AAV9 global transduction has clinical significance. In this study, mass spectrometry (MS) was used to identify the serum proteins which potentially interact with AAV9 virions. Of these serum proteins, several serum proteins (fibrinogen, fibronectin, plasminogen and platelets factor 4) with a potential effect on vascular permeability have been chosen to test their impact on AAV9 global transduction [20, 21] , [22, 23] . After the systemic administration of an AAV9 complex with these proteins, an enhanced global transduction was observed in mice. Cryoprecipitate is typically used to supplement fibrinogen in clinical practice, and we further showed that it augmented AAV9 global transduction after a systemic administration. This result indicates that cryoprecipitate would be immediately transited to clinical practice for AAV9 systemic application.
Materials and methods

Cells
HEK293 cells and Caco-2 cells were maintained at 37°C with 5% CO2 in Dulbecco's Modified Eagle's Medium with 10% fetal bovine serum and 1% penicillin-streptomycin. To establish cell culture monolayers on permeable membranes, Caco-2 cells were seeded on 0.4 μm pore size polycarbonate filters in 6-mm transwell chambers (Costar, MA) and then cultured for 14 days prior to infection. The medium was replaced at intervals of 2 to 3 days.
Recombinant AAV virus production
Recombinant AAV was produced by a triple-plasmid transfection system. A 15-cm plate of HEK293 cells was transfected with 9 μg of AAV transgene plasmid pTR/CBA-Luc, 12 μg of AAV helper plasmid containing AAV Rep and Cap genes, and 15 μg of Ad helper plasmid pXX6-80. Sixty hours post-transfection, HEK293 cells were collected and lysed. Supernatant was subjected to CsCl gradient ultra-centrifugation. Virus titer was determined by quantitative PCR.
Transwell permeability assay
Caco-2 cells have been used as a model for studying transportation and permeability in many published studies [24] [25] [26] . In this study, Caco-2 cells were used to establish cell culture monolayers on permeable membranes. AAV9 vectors were incubated with either serum, serum proteins, or phosphate-buffered saline (PBS) at 4°C for 1 h and then placed in the upper (apical) chamber of the transwell (Corning, NY). As a control, serum was added to the upper chamber of transwell for 1 h, and then AAV9 vectors were applied. At the indicated timepoints (2-and 6-h post-infection), the media in the lower (basolateral) chamber was collected and tested for the presence of AAV9 genome by qPCR. All of the experiments were independently performed at least twice. There were three replicates used in each experiment.
Mass spectrometric analysis
The procedure was performed as previously described [18] . Briefly, the mixtures of AAV9 with either human serum or PBS were used for the co-immunoprecipitation analysis using a Pierce co-immunoprecipitation kit (Thermo scientific, IL) following the manufacture's instruction. This kit provided a covalent antibody immobilization onto an insoluble agarose support, and then incubated the pre-incubated mixtures containing AAV9 viruses and either human serum or PBS. We used the anti-AAV9 antibody ADK9 to immunoprecipate the proteins, which bound to the particles of AAV9. The final product was reduced, alkylated, and digested in-gel by trypsin and then analyzed by liquid chromatography tandem mass spectrometry (LC/MS). The twofold difference between AAV9 and PBS was considered as a positive result.
Animal study
Animal experiments performed in this study were conducted in C57BL/6 mice. The mice were maintained in accordance to NIH guidelines, as approved by the UNC Institutional Animal Care and Use Committee (IACUC). AAV9 vectors were incubated with serum or serum proteins or PBS at 4°C for 2 h. Six-week-old female C57BL/6 mice received the mixtures via retro-orbital injection. Luciferase expression was measured from the imaging taken at 3 days post-injection using a Xenogen IVIS Lumina (PerkinElmer, MA) following the i.p. injection of D-luciferin substrate (PerkinElmer, MA). Bioluminescent images were analyzed using Living Image (PerkinElmer, MA).
Quantitation of tissue luciferase expression ex vivo
Animals were sacrificed at 2 days after the last imaging, and the following organs were collected: heart, liver, lung, kidney, skeletal muscle, and brain. Tissues were minced and homogenized in passive Fig. 1 . Human serum increased the permeability of AAV9 in vitro. Human serum or PBS was incubated with AAV9 at 4°C for 2 h, and was then transferred into the upper chamber of transwell with Caco-2 cells. Serum and AAV9 were added into the upper chamber without a pre-incubation as a control. At the time points of 2-and 6-h, the media was collected from the lower chamber and was tested by qPCR for the AAV9 virus genome. The experiment was independently performed twice. Each experiment contained a 3-replicated transwell. A representative experiment is shown. lysis buffer (Promega, WI). Tissue lysates were centrifuged at 12,000 rpm for 10 min to remove cellular debris. The supernatant was transferred to 96-well plates for luciferase activity analysis. Total protein concentration in tissue lysates was measured by the Bradford assay (Bio-Rad, CA).
AAV genome copy number analysis
The minced tissue samples were treated by Proteinase K. Total genomic DNA was isolated by the DNeasy Blood & Tissue kit (QIAGEN, CA). The luciferase gene was detected by qPCR assay. The mouse lamin gene served as an internal control.
Cryoprecipitate production
Human cryoprecipitate was purchased from the New York blood center. The procedure of dog and rabbit cryoprecipitate production was performed as described [27] . Briefly, the whole blood with anti-coagulant from dog and rabbit were centrifuged. The plasma were collected and stocked at −80°C for future study. The frozen plasma was thawed in the cold room (4°C) and centrifuged for 15 min at 3000 rpm at 4°C. Most of the supernatant liquid (9/10 volume) was removed and the cryoprecipitate was labeled and immediately used for incubation with AAV9 viruses.
Statistical analysis
All of the data in this study was presented as mean ± SD. The Student t-test was used to compare the differences between two groups, while one-way ANOVA multiple comparison test was used among three or more groups. P values of < 0.05 were considered a statistically significant difference.
Results
Serum proteins increase the epithelial cell permeability of AAV9 in vitro
Our previous study demonstrated that human serum could enhance the liver transduction of AAV8 in vitro and in vivo [18] . Human serum also increased the AAV9 transduction in Huh7 cells and in the mouse liver [18] . It has been reported that AAV9 efficiently transduces various tissues in mice after its systemic administration [13, 14] . This finding indicates that AAV9 is able to penetrate the vascular barrier for diffuse and global transduction. In this study, we explored whether serum proteins played a role in AAV9 vector vascular permeability. First, we performed vascular permeability analysis in vitro using a transwell system. Three groups were designed: AAV9 pre-incubated with serum (Serum+AAV9 incubation), AAV9 pre-incubated with PBS (PBS + AAV9) before adding the complex to cells, and application of serum with AAV9 simultaneously to cells (Serum+AAV9 no incubation). The Caco-2 cells were seeded onto the upper chamber of the transwell system. Pre-incubation with human serum induced about a 3-fold higher AAV9 viral genome in the basolateral media at 2-and 6-h when compared to that with PBS ( Fig. 1) . However, there was no significant change in the group with non-preincubation of serum and AAV9 vectors. This result suggests that the serum proteins are able to increase vascular permeability of AAV9 via the direct interaction between serum proteins and AAV9 virions.
To identify serum proteins which could bind to AAV9 virions, we performed pull-down and MS analysis (Supplemental Table 1 ). Among the identified serum proteins, several were selected for further investigation due to their effect on vascular permeability, including fibrinogen, fibronectin, and vWF (Table 1) . AAV9 vectors were incubated with these proteins to evaluate whether they had effect on the permeability of the vector in a transwell assay. The results showed that preincubated fibrinogen induced an enhanced AAV9 permeability at the time point of 6 and 24 h, while the other proteins did not have any effect (Fig. 2) . The data suggested that fibrinogen might have the ability to enhance the vascular permeability of AAV9 so that it might help its global transduction after a systemic administration.
Fibrinogen enhances the global transduction of AAV9 in mice
As described above, fibrinogen increased the AAV9 epithelial cell permeability in vitro (Fig. 2) . Previous studies reported that fibrinogen increased pial venular permeability in mice [20] . Next, we explored whether fibrinogen could enhance the global transduction of AAV9 in mice. Fifteen C56BL/6 mice were randomly divided into three groups. AAV9 vectors were incubated with fibrinogen (Group: Fib-PBS) at a concentration of physical condition (4 mg in 1 ml blood) or PBS (Group: PBS) at 4°C for 2 h, then was administered via retro-orbital infection. Fibrinogen was mixed with AAV9 and was instantly injected (Group: PBS-Fib). After seven days, the images were taken and analyzed (Fig. 3A) . The global transduction of AAV9 in the Fib-PBS group was 4-fold higher than that in the other two groups (PBS and PBS-Fib). An enhanced liver transduction in the Fib-PBS group was also observed compared with those in groups PBS or PBS-Fib. The data implicates that a direct interaction between fibrinogen and AAV9 is needed to enhance the global transduction of AAV9.
To study the effect of the fibrinogen concentration on AAV9 global transduction in mice, the vectors were pre-incubated with fibrinogen at the concentrations of 1 mg, 100 μg, 10 μg, or with PBS. The imaging for the injected mice was performed 7 days post injection (Fig. 3B) . When 100 μg or 1 mg of fibrinogen was used, the transduction of AAV9 in the liver and whole body was appropriately 3-fold higher when compared to that of PBS or fibrinogen at a concentration of 10 μg (Fig. 3B) . There was no difference in transduction enhancement between the doses of 100 μg and 1 mg. No enhanced transduction was achieved when a lower dose of fibrinogen was employed. This result suggests that the enhancement of AAV9 transduction requires a sufficient amount of fibrinogen for the interaction with AAV virions.
Other serum proteins enhance the global transduction of AAV9
Besides fibrinogen, other serum proteins were identified, including fibronectin (FN), plasminogen (PMG), platelet factor 4 (PF4), von Willebrand factor (vWF) and Alpha-1-acid glycoprotein 2 (AGP) ( Table 1) . These proteins also impact vascular permeability. To investigate whether these serum proteins increase the global transduction of AAV9 as well as fibrinogen, we pre-incubated AAV9 vectors with these serum proteins at a concentration of physical condition and then injected the complex into C57BL/6 mice via the retro-orbital vein. After 7 days post-injection, all of the serum proteins enhanced the AAV9 transduction in the whole body of the mice (Fig. 4) . Similar to the results from fibrinogen, a 3-fold higher transduction of AAV9 was observed in the whole body (except liver) of the mice. Again, an enhanced AAV9 transduction in the liver was also observed in the mice treated with AAV9 pre-incubated with these proteins (Fig. 4) .
We further investigated whether the concentration of these serum proteins has an effect on the AAV9 transduction in mice. The AAV9 vectors were pre-incubated with AGP, FN, PF4, vWF, and PMG at a 10-, 100-, and 1000-fold dilution. The imaging was performed after 7 days post AAV9 injection (Fig. S1 ). The enhanced transduction was achieved in both the liver and other tissues in mice that only received the AAV9 vector incubated with a 10-fold diluted FN and PMG, while no difference was observed in the transduction efficiency of the mice with the diluted PF4 and vWF (Fig. S1 ). In the mice treated with AGP, transduction efficiency was increased in the liver, but not in any other tissues (Fig. S1 ).
A combination of serum proteins does not further enhance the global transduction of AAV9
The individual proteins increased the global transduction of AAV9 as shown above (Figs. 3 and 4) . Next we studied whether the combination of these proteins further increased the AAV9 transduction in the whole body of mice. AAV9 vectors were incubated with a combination of three proteins at a 10-fold diluted physical concentration and the individual proteins (fibrinogen, FN, vWF) were used as control groups. After the systemic administration of the mixtures, imaging was taken 7 days post AAV injection. The imaging results showed that the combination of three serum proteins induced an enhanced global transduction of the AAV9 vector ( Fig. 5B and C) . However, there was no further enhancement in the combination group when compared with the individual protein groups (Fig. 5B and D) .
Cryoprecipitate enhances the global transduction of AAV9
Several serum proteins interact with AAV9 virions and enhance AAV9 global transduction, as stated above. The next objective is whether we could apply this finding for clinical trials. Indeed, the blood product cryoprecipitate is mainly composed of fibrinogen, FN, and vWF. Cryoprecipitate has been used in many clinical contexts. We further investigated whether cryoprecipitate could enhance the global transduction of AAV9. 1 × 10 10 particles of AAV9 vector were pre-incubated with 0.2-, 2-, and 20 μl (~2, 20, 200 μg fibrinogen) cryoprecipitate for 2 h, and then were injected into mice via the retro-orbital vein. The imaging was performed at 7 days post-injection (Fig. 6A) . The results showed that both 0.2-and 2-μl cryoprecipitate significantly augmented the whole body transduction of AAV9 vectors ( Fig. 6B and C).
To study whether cryoprecipitate from other species also enhanced AAV9 global transduction, we made cryoprecipitate from dog and rabbit plasma following the protocol described by Sparrow et al. [27] . 1 × 10 10 particles of AAV9 vector was pre-incubated with 2 μl cryoprecipitate for 2 h, and then was used to inject into mice via the retroorbital vein. The imaging was performed at 7 days post-injection. Consistent to human cryoprecipitate, both dog and rabbit cryoprecipitate significantly augmented the whole body transduction of AAV9 vectors (Fig. S2) .
In clinical trials, very high-dose of AAV9 vector (over 5 × 10 12 vg/ kg) has been proposed in patients with CNS or muscular disorders [13, 28] . We investigated the effect of human cryoprecipitate on AAV9 global transduction when a high dose of vector was used. 1 × 10 11 particles of AAV9 vectors were pre-incubated with 2 μl (~200 μg fibrinogen) of cryoprecipitate for 2 h, and then were injected into mice via the retro-orbital vein. The imaging was carried out at 1, 3, and 7 days post-injection (Fig. 7A) . The mice injected with the pre-incubated mixture of AAV9 and cryoprecipitate showed an enhancement of global transduction (Fig. 7A) . At day 9 after AAV9 injection, the mice were euthanized for analysis of luciferase expression and AAV genome copy number in the heart, liver, lung, kidney, muscle, and brain ( Fig. 7B  and C) . Both the luciferase expression and the AAV genome copy number were increased in all of these tissues from mice treated with a high-dose of AAV9 pre-incubated with cryoprecipitate. Although a high dose of the AAV vector was systemically administered and a higher liver transduction was achieved in the mice with the pre-incubated mixture of AAV9 and cryoprecipitate, there was no difference in the expression of the inflammatory cytokines IL-1β and IL-6 (Fig. S3 ).
The interaction of AAV9 with serum proteins impact the kinetics of vector clearance in the blood
It has been suggested that a slow clearance of AAV9 in the blood may contribute to its global transduction after a systemic administration. Herein, we also investigated whether the interaction of AAV9 with serum proteins had an effect on the vector clearance in the blood. After the injection of AAV9 vector complex with fibrinogen or cryoprecipitate into the mice via the retro-orbital vein, the blood was collected at different time points. The amount of AAV9 vectors in the plasma were evaluated by quantitative PCR. There was a significantly higher AAV numbers shown in the mice receiving the fibrinogen-or cryo-AAV9 complex than that of the control mice at the early time points, but no significant difference at 24-and 48-h post-AAV injection (Fig. 8) . These results suggest that the interaction of serum proteins with AAV9 virions might slow the clearance of the vectors in the blood, which leads to an enhanced global transduction after the systemic administration.
Discussion
In this study, we demonstrated that the human serum was able to enhance the vascular permeability of AAV9. Several serum proteins (fibrinogen, fibronectin, PF4, and PMG) bound to AAV9 virions and increased the global transduction of AAV9 vectors in mice after systemic injection. The combination of the three serum proteins (fibrinogen, FN, and vWF) did not further increase the global transduction efficiency when compared with the individual serum proteins. Importantly, we found that the clinical product, cryoprecipitate, significantly augmented the global transduction of AAV9 vectors after a 10 vg of AAV9/luc were incubated with either fibrinogen, FN, vWF, or the combination of these three proteins at a 10-fold dilution of the normal physiological concentration for 2 h at 4°C and then injected into C57BL/6 mice via the retro-orbital vein. Imaging was taken at day 7 (A). The photon signal was measured and calculated for luciferase expression (B and C). The AAV9 genomic copy number was measured by qPCR assay (D). The data represents the average and standard deviation from 5 mice. The asterisk indicates the significant difference (p < 0.05). systemic administration.
AAV has been widely used in pre-clinical and clinical studies for the therapeutics of numerous diseases. However, a limited therapeutic transgene expression and circumventing the immune response to the vector are a major challenge. In addition, there is a 10-to 100-fold difference of transgene expression among different species (mouse, primate, human) [7, 29, 30] . Therefore, it is necessary to develop highly efficient strategies that could enhance the efficiency of gene delivery. Many efforts have been done for this purpose, including the genetic modification of AAV capsids and the utilization of pharmacological agents [18, [31] [32] [33] . However, these strategies may not be optimal in clinical trials because of the adverse effects or by changing the tropism and transduction efficiency of the vectors. The exploration of natural serum proteins to enhance AAV transduction may represent a promising strategy. The interaction of serum proteins with AAV virions does not impact the structure of the AAV virions and are also safe for patients. In this study, we used mass spectrometry analysis to identify several proteins (fibrinogen, AGP, FN, PF4, vWF, and PMG) that could potentially impact the vascular permeability. Fibrinogen binds to the intracellular adhesion molecule-1 or to the integrin on the cell surface and increases the endothelial cell permeability through extracellular signal regulated kinase signaling and by inducing F-actin formation [34] . FN is a soluble protein in plasma and an insoluble fibrillar component in basement membranes. FN has effect on cell adhesion and can bind to the Arg-Gly-Asp (RGD) sequence, which is believed to influence the integrity of the vascular barrier [35, 36] . Platelet-acting factor induced endothelial barrier leakiness through disrupting the interendothelial junctions and increasing the endothelia permeability [23] .
AGP is needed for maintaining the capillary permeability by increasing the net negative charge on the microvessel walls as well as by interacting with the components of the endothelial glycocalyx [37] [38] [39] . VWF as an emerging mediator of vascular inflammation supports leukocyte and platelet recruitment in inflamed tissues, which modulates the vascular permeability [40] . Plasminogen activator increases the permeability of the blood-brain barrier through vascular endothelial growth factor-mediated endothelial endocytosis [41] .These proteins were able to directly interact with the AAV9 virions and increase the vascular permeability, which resulted in an enhanced global transduction after a systemic administration (Figs. 3 and 4) . We analyzed the whole body transduction after a systemic administration of AAV9 vector pre-incubated with the serum albumin in our previous experiments and found that human serum albumin did not significantly impact the global transduction efficiency of AAV9 vectors after a systemic administration (Fig. S4) , even though an enhanced liver transduction was achieved [18] . This result suggests that these serum proteins studied here are able to interact with the AAV9 virions and further increase the vector vascular permeability for an enhanced global transduction. It is worthy to note that the combination of fibrinogen, FN, and vWF did not further increase the AAV9 global transduction in mice after a systemic administration (Fig. 5 ). Perhaps these proteins could bind to the similar location and compete with each other for the same binding sites on the surface of AAV9 virion (Fig. S5) . A similar result was observed in our previous study in which serum proteins (albumin, LDL, or transferrin) competitively bind to the same locations of the AAV8 virions for an enhanced liver transduction [19] .
To move forward the serum proteins, which enhanced AAV9's cipitate at 4°C for 2 h and then injected into C57BL/6 mice via the retro-orbital vein. Imaging was taken at day 1, 3, and 7 (A). The mice were sacrificed at 9 days post AAV9 administration. The tissues were harvested for luciferase expression assay ex vivo (B) and AAV9 genomic copy number analysis (C). The data represents the average and standard deviation from 5 mice. The asterisk indicates the significant difference (p < 0.05). Fig. 8 . Both fibrinogen and cryoprecipitate slowed down the clearance of AAV9 vectors in bloodstream. 1 × 10 11 vg of AAV9/luc were incubated with either fibrinogen or cryoprecipitate at 4°C for 2 h and then injected into C57BL/6 mice via the retro-orbital vein. The blood was collected from the mice with cryoprecipitate at 5 min, 2-, 24-, 48-, and 72-h after AAV9 injection, or at 20 min, 2-, 24-, 48-, and 72-h in the mice treated with fibrinogen and AAV9. The AAV9 gene copy number in plasma was detected by qPCR. The data represents the average and standard deviation from 5 mice. The asterisk indicates significant difference (p < 0.05), and the "ns" indicates no significant difference (p > 0.05). ability to cross the vascular barrier, to clinical trials, we studied the effect of cryoprecipitate on the global transduction of AAV9 after a systemic administration. Cryoprecipitate is a blood product containing a high concentration of factor VIII, vWF, fibrinogen, FN, and factor XIII [42] . Cryoprecipitate was originally developed as a therapeutic treatment for patients with anti-hemophilic factor deficiency or hemophilia A [43] . At present, cryoprecipitate is most commonly used to replenish the fibrinogen levels in patients with acquired coagulopathy, such as in clinical settings with hemorrhage including cardiac surgery, trauma, liver transplantation, or obstetric hemorrhage [43] . Cryoprecipitate is licensed for use in the UK, USA, Canada, Australia, and New Zealand [42] . After a systemic administration of AAV9 vectors pre-incubated with cryoprecipitate, consistent to the results with individual proteins, an enhanced global transduction was achieved. It was found that the high concentration of cryoprecipitate did not show an enhanced function (Fig. 6 ). Cryoprecipitate is a complex product, containing multiple serum proteins, so the AAV virions incubated with high concentration of cryoprecipitate are able to conglutinate and form aggregates, which inhibit the transduction efficiency from single AAV virion. Our findings suggest that cryoprecipitate would be directly used for enhancing AAV9 transduction in future pre-clinical and clinical studies.
It has been suggested that AAV vector clearance in the blood may relate to whole body transduction after a systemic administration [10] . For example, AAV1 and AAV4 were cleared from the blood within the first hour, AAV 6-8 were slowly removed between 1 and 6 h, and AAV9 was the slowest one, which was cleared between 6 and 48 h after injection [10] . The slow clearance of AAV9 in bloodstream potentially provides sufficient time for AAV9 to travel to the target organs for efficient global transduction [44] . Additionally, it has been reported that AAV9 is able to effectively cross the capillary endothelial or blood-brain barrier via transcytosis [45, 46] . In this study, we found that fibrinogen increased the transcytosis of AAV9 in a transwell system at 6-and 24-hours (Fig. 2) , and interaction of fibrinogen and AAV9 slowed down the clearance of AAV9 in the blood after a systemic administration (Fig. 8) . These results suggest that these serum proteins increase AAV9 vascular permeability by a mechanism of delaying the clearance of AAV9 in the blood. Also, data from this study indicates that serum proteins can serve as another layer to interact with AAV9 for an enhanced global transduction.
There are several lines of evidence to support the complex formation of AAV9-serum protein. (1) The serum proteins in this study were identified by an AAV9 antibody after incubation with AAV9. (2) The enhancement of AAV transduction was only observed with AAV9 preincubated with serum proteins, but not with the mixture of AAV9 and serum proteins (Fig. 3) . (3) The incubation of AAV9 with one of these serum protein blocks the other proteins binding to AAV9 (Fig. S5) . In the future, we will figure out how the AAV virion interacts with serum proteins and where the binding domains are on the AAV virions surface and serum proteins.
There are several issues we did not address in this study. One is the binding affinity of AAV9 vectors with the serum proteins. Different serum proteins may have a different binding affinity with AAV. The other one is stability of the complex of the serum protein and AAV9 in the blood after systemic administration. These issues warrant future investigation.
In summary, our study demonstrated that the serum proteins increased the vascular permeability of AAV9. These serum proteins directly interacted with AAV9 vectors and increased its global transduction efficiency in mice after a systemic administration. For clinical purposes, we found that the clinical product cryoprecipitate induced a significant enhancement of AAV9 global transduction. The mechanism of this finding may be that serum proteins delay the clearance of AAV9 in blood so that AAV9 vectors get sufficient time to cross the blood barrier and transduce other organs after systemic injection. Our study strongly suggests that cryoprecipitate could be immediately used for enhancing global transgene delivery of AAV9 vectors in future clinical trials.
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